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Abstract: The OPAL (Open Pool Australian Light-water) reactor was officially opened by the Prime 
Minister in April 2007.  OPAL is a 20 MW multipurpose research reactor for radioisotope production, 
irradiation services and scientific neutron beam research. The OPAL reactor uses low enriched 
uranium fuel in a compact core, cooled by light water and moderated by heavy water, yielding 
maximum thermal flux not less than 4 x 10
14
 n cm
-2
 s
-1
.   It is also equipped with a special Cold 
Neutron Source (CNS) operating at -250
o
C to provide neutrons with energy less than 5 meV to expand 
scientific research at ANSTO.  The CNS is inserted into the reactor reflector vessel as a complete 
assembly and to maximise flux gain it is positioned as close as practicable to the core. This paper 
describes the main elements of the reactor and the design considerations that ensure the safe 
autonomous operation of the CNS without impact on the operation or integrity of the reactor.  
Keywords: ANSTO Cold Neutron Source, OPAL research reactor, design challenges.  
1 INTRODUCTION 
In 1997, a decision was made to construct a replacement research reactor at ANSTO [1] to replace 
the then 40 year old HIFAR (HI-Flux Australian Reactor, commissioned in 1958) which was finally 
shutdown in January 2007.  Since then, the project has progressed through a number of stages, 
including: 
 Environmental Impact Statement; 
 Public Works Committee process; 
 Site licensing, August 1999; 
 Request for tender, August 1999; 
 Contract to INVAP (Argentina), July 2000; 
 Preliminary engineering process (ANSTO & INVAP); 
 Construction licence application, May 2001; 
 Reactor construction April 2002 to July 2006; 
 First criticality, August 2006; 
 Official opening by the Prime Minister, April 2007.  
  
2 OPAL REACTOR DESCRIPTION 
The reactor is of open-pool design, i.e. the core is contained inside an open pool of demineralised light 
water (H2O) which provides both cooling and protection against radiation from the core. The core itself 
is surrounded by a Reflector Vessel containing heavy water (D2O) which reflects neutrons back into 
the core and maintain the nuclear reaction. [2]  
The design of the reactor has been optimised to satisfy the radioisotope production requirements and 
to supply high flux neutron beams for researchers and future expansion for development and 
application in vital areas such as agriculture, industry and manufacturing, minerals and energy, human 
health and the environment.  For industrial applications, OPAL is equipped with various irradiation 
facilities, including 55 general purpose positions, 2 positions for Neutron Activation Analysis, 17 rigs 
for bulk production, and 6 rigs for Neutron Transmutation Doping (or Silicon irradiation).  For scientific 
research, special-purpose neutron beam facilities have been constructed, comprising a cold neutron 
source, super-mirror neutron transportation systems, and a suite of „world-class‟ high-precision 
neutron beam instruments.  
Images of OPAL and cut-away sections are shown in Figures 1 to 3.  
  
 
 
Figure 1.  Reactor and Service Pools 
 
Figure 2. Reactor Pool – Plan View 
 
Figure 3. Reflector Vessel – Sectioned View 
 
3 COLD NEUTRON SOURCE (CNS) 
3.1 Design Description  
The CNS produces neutrons in the low energy range less than 5 meV using liquid deuterium as the 
moderator which is maintained at 24K during normal operation by means of natural circulation, or 
„thermosiphon‟, to the heat exchanger. The CNS is located close to the peak thermal flux in heavy 
water and serves two neutron beam assemblies located on opposite sides of the Reflector Vessel 
(Figure 3). The CNS has been designed with significant emphasis on performance and safety, 
ensuring that postulated failures of the CNS do not advertently affect reactor safety. It operates 
independent to reactor operation and vice versa. The CNS is continuously monitored and 
automatically controlled by its own control and protection systems.   The “multiple barriers” or defence-
in-depth concept is fully applied to the CNS design. The entire CNS System is double/triple-walled 
with an inert gas in between to provide a blanketing function. The CNS System basically consists of: 
 In-pile Assembly comprising: 
 Moderator Chamber (AlMg5); 
 Helium Jacket (AlMg5); 
 Reflector Plug (D2O Circuit);  
 Heat Exchanger (Stainless Steel); 
 Vacuum Containment (Zr-2.5%Nb Alloy); 
 Cryogenic System; and 
 Control and Monitoring System. 
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3.2 In-pile Assembly 
The In-pile Assembly is the main component of the CNS and has been optimised in geometry for cold 
neutron production.  The Moderator Chamber, Figure 4, holds 20 litres of deuterium.  It is made of 
aluminium alloy AlMg5, 310 mm x 400 mm in height. The wall thickness is critical to neutron 
transmission, as such, made as thin as possible (1.2 mm) to maximise neutron performance whilst 
ensuring structural integrity under various operating pressures from vacuum to 400 kPa(g). Internally, 
a 2 litre helium pocket or the “Displacer” is placed off-centre to increase the neutron flux.    
The Helium Jacket houses the Moderator Chamber with a 2 mm gap between them in the cylindrical 
part, through which cold helium at 19K flows for cooling.  Any possible leaks of deuterium will be 
contained by the Helium Jacket and detected by continuous detection and early-warning systems.  
Located directly above the Moderator Chamber is the Reflector Plug (D2O circuit, Figure 5), which is 
filled with circulating heavy water to improve the neutron distribution by minimising neutron losses 
through the top, or reflecting the neutrons back to the Chamber.  The Heat Exchanger is located 
above the core level to minimise neutron heating and make thermosiphon possible (Figure 6). Helium 
at 19K flows into the CNS at a rate of 160g/s and separates into 2 equivalent value paths, i.e. 80g/s to 
the Heat Exchanger and 80g/s to the Helium Jacket to cool the CNS. 
 
Figure 4.  Moderator & Helium Chambers, Aluminium AlMg5 
 
Figure 5.  CNS Components and Assembly 
 
Figure 6. CNS Installation 
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3.3 Vacuum Containment 
The Vacuum Containment vessel is flange connected to the Reflector Vessel to house the entire CNS 
In-pile Assembly. It is designed to provide not only vacuum for thermal insulation but also physical 
protection of the reactor by containing a hypothetical deuterium explosion equating to an effective 
internal static pressure of 1.5 MPa(g). Thus, it acts as a physical barrier between the reactor 
environment and the CNS system.   The shell thickness is made as thin as possible (3 mm at neutron 
path) to maximum neutron transmission for performance while providing adequate structural integrity 
to Australian Standard AS1210, Pressure Vessel code.  Alloy Zr-2.5%Nb was selected for the 
construction because of its excellent strength, corrosion resistance and known mechanical and weld 
properties under neutron irradiation, up to fluence of 2x10
21
 n/cm
2
 which would cover safe operations 
for 40 years without replacement. Normal grade aluminium alloys are prone to failure by embrittlement 
upon extended exposure to neutrons.  
3.4 Cryogenic System 
The cryogenic system, conservatively rated at 5kW cooling, provides continuous flows of 19K helium 
to the CNS to remove 4.3kW of neutron heating.  The system employs a closed-loop Brayton cycle 
(Figure 7), and basically comprises two compressors, oil removal system, heat exchangers, cold box 
(turbine expansion), and auxiliary systems. Two screw-type and oil-lubricated compressors compress 
helium to 1.1MPa(g). Compression heat is removed by the water-cooled heat exchanger at 
compressor outlets.  The mix of oil and helium is separated and filtered by a series of oil removal 
systems to ensure that only oil-free pure helium enters the main heat exchangers, where it is pre-
cooled to 30K by cold helium returning from the CNS.   The pre-cooled helium enters the Cold Box 
where it is further cooled down to 19K by means of turbine expansion or pressure drop to 70 kPa(g).    
The cold helium flows into two separate inlets at the CNS, one for moderator cooling and the other for 
thermosiphon heat exchanger cooling, flowing 80g/s each.  The exhaust helium from both outlets is 
25K, or increased by 6K from 4.3kW heat removal, and merges into a single return pipe to the 
compressors via the Heat Exchangers to pre-cool the incoming helium from the compressors.   The 
cycle repeats to continue the process. 
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Figure 7.  Cryogenic System 
  
3.5 Safety Design Considerations 
All of the CNS components are designed to conform to applicable standards and codes. All materials 
of construction have been analysed, verified, and tested where appropriate to demonstrate adequate 
safety margins and compliance with stringent design input conditions and criteria.   
Figure 8 shows an example of stress analysis of the Moderator Chamber against all design basis 
conditions, including, normal and abnormal operating pressures, thermal effects, deflections and 
seismic events. The In-pile Assembly is constructed of materials capable of maintaining safe operating 
conditions with the neutron fluence of 10
22
 n cm
-2
 as expected at the corresponding locations during 
the CNS lifetime of 10 years, whereas the Vacuum Containment is designed to last 40 years.  
 
 
Figure 8. Moderator System Analysis - Courtesy of INVAP (Argentina)  
 
The CNS Gas Blanketing System insulates the deuterium pipes from contact with air and/or water, 
and contains and detects possible deuterium leakage. The blanket gas pressure is controlled to 
ensure that any deuterium leakage is into the blanket gas and not vice versa. Sampling valves are 
provided at strategically selected locations in all Nitrogen and Helium blanketing enclosures.  If the 
Moderator Chamber fails, the deuterium will leak into the Helium Jacket, followed by automatic trip 
signals to the CNS and the reactor.  
The simultaneous failure of the Moderator Chamber and Helium Jacket is highly unlikely. However, 
this extreme case of the Moderator Chamber rupture followed by a deuterium reaction with air has 
been considered during design as the Design Basis Accident for the CNS Vacuum Containment and 
appropriate measures have been taken. To this end, the Vacuum Containment has been designed to 
contain the consequences of this hypothetical event by resisting any thermal shock caused by a 
stream of liquid deuterium leakage and the equivalent static pressure of 1.5 MPa(g) obtained from the 
reaction analysis. 
 
  
4 NEUTRON BEAM INSTRUMENTS 
OPAL is designed to be a neutron factory that will bring Australian science into the 21st century.  All 
matters have atomic structures and can be studied at atomic levels using neutrons.  Understanding of 
the atomic structures of important materials, such as blood cells, plastic, magnets and aircraft 
components can help scientists find cures for diseases and engineers develop new materials for 
industrial applications.   
A suite of eight „world-class‟ neutron beam instruments have been designed and constructed at OPAL 
and more instruments are planned for construction in the near future. These facilities enable scientists 
to study materials at atomic levels at various and extreme temperatures, pressures and magnetic 
fields. The neutrons generated in research core are cast onto the sample material being probed and 
scattered by atoms in the sample. The scattering pattern reveals the sample's molecular structure. 
This technique is called neutron scattering, the subject of the 1994 Nobel Prize for Physics.   Figures 9 
and 10 show the instrument layout at OPAL.   These include: [3] 
(a) High Resolution Powder Diffractometer: For complex crystal structures, eg, ceramics & minerals. 
(b) High Intensity Powder Diffractometer: Quick measurements, eg, chemical reactions and kinetics. 
(c) Reflectometer: Surface and interface structures in liquids and solids. 
(d) Quasi-Laue Diffractometer: Biological crystals and texture. 
(e) Small Angle Neutron Scattering: Large scale structures, eg, porous materials. 
(f) Residual Stress: Strains in materials, eg, turbines and welds. 
(g) Polarisation Axis Spectrometer: Magnetic properties on an atomic scale. 
(h) Three Axis Spectrometer: Collective atomic motions and dynamics. 
 
These instruments are designed to position the sample in any orientation as accurately and precisely 
as possible using the latest technology, eg, within 5 micron (m) and 0.001
o
 over the entire working 
space for Residual Stress instrument.  
 
 
 
Figure 9. Neutron Beam Facilities 
  
Figure 10. A Selection of Beam Instruments 
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5 CONCLUSIONS  
The OPAL reactor has been constructed to replace the old HIFAR reactor. The new reactor has been 
designed to be inherently safe, or „fail-safe‟, using the latest design and manufacturing technology and 
the lessons learned from the 50 years of HIFAR operations and overseas reactor examples. The 
reactor containment building is constructed of reinforced concrete and provides protection from every 
conceivable external event such as seismic occurrences and impact from a hypothetical light aircraft 
crash.  Whilst maintaining essential supplies of nuclear medicine and industrial irradiation services, the 
OPAL reactor will help Australia advance and expand scientific research in condensed matters to a 
world-class level with the state-of-the-art neutron beam facilities.  
A special-purpose Cold Neutron Source (CNS) has been constructed and commissioned to provide 
neutrons at -250
o
C with energy less than 5 meV.  Using the latest design tools, CNS performance 
could be optimised for not only neutron moderation performance but also structural safety.  “Defence-
in-Depth” with “2-out-of-3-voting” control logic principle was employed to ensure safe autonomous 
operation of the CNS without impact on the operation or integrity of the reactor.  E.g. the entire cooling 
system is double and/or triple-walled and continuously monitored by multiple sensors for early 
warnings of any abnormal behaviours during operation.  The CNS assembly is flange connected to the 
Reflector Vessel and housed by the Vacuum Containment which provides the physical barrier 
between the reactor and the CNS ensuring that postulated failures of the CNS do not threaten reactor 
safety.   
This project demonstrates what could be achieved with modern technology in design and 
manufacturing.  
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